Introduction {#S0001}
============

*Toxoplasma gondii* (*T. gondii*), the agent of toxoplasmosis, is an obligate intracellular parasite capable of infecting a wide range of warm-blooded animals, including livestock and humans.[@CIT0001] Approximately, one-third of the human populations are infected with *T. gondii* due to its numerous sources of infection across the world.[@CIT0002] Toxoplasmosis is often asymptomatic in immunocompetent patients; however, it results in significant morbidity and mortality in patients who receive immunosuppressive drugs, suffer from acquired immuno deficiency syndrome (AIDS) and are congenitally infected.[@CIT0003]--[@CIT0005] Furthermore, *T. gondii* infection causes economic losses in livestock, especially sheep and goats, due to abortion and neonatal loss.[@CIT0006] Human can be infected by ingestion of undercooked or raw meat containing viable tissue cysts or ingestion of food or water contaminated with oocysts.[@CIT0007] Chemotherapy does not seem to be successful in long terms since the drugs of choice, sulphadiazine and pyrimethamine fail to completely eliminate the parasite; while including toxic side effects.[@CIT0008] Therefore, search for a new effective vaccine against *T. gondii* is a priority in prevention of toxoplasmosis. The current candidate antigens involved in protective immunity against toxoplasmosis include surface antigens (SAGs), rhoptry proteins (ROPs), microneme proteins (MICs) and dense granule antigens (GRAs), which have been widely assessed for their immunological effects in animal models.[@CIT0009]--[@CIT0012] SAG1 is believed to be the most promising vaccine candidate within these antigens since it is regulated jointly by humoral and cellular immune responses that only occur in tachyzoites. Therefore, researchers are more likely to choose SAG1 in development of recombinant or DNA vaccines.[@CIT0013] These unique secretory products play important roles in parasite adhesion, invasion, establishment of parasitophorous vacuole (PV), survival and replication inside PV.[@CIT0014] Of these products, GRA proteins are secreted during or after parasite invasion inside the PV. Up-to-date, more than 40 genetically distinct GRA proteins have been identified which immunogenicity and correlation with virulence are being studied.[@CIT0015] In this study, GRA7 was selected as an ideal choice due to its high antigenicity, which can lead to significant humoral and cellular immune responses to toxoplasmosis.[@CIT0016],[@CIT0017] Despite most GRA proteins secreted in tachyzoites and bradyzoites, GRA7 is produced by all three *T. gondii* infective stages including sporozoites. It has been proven that a further prominent correlation exists between steady-state levels of GRA7 and *T. gondii* virulence compared to GRA6, a GRA protein located on the parasitophorous vacuole membrane (PVM).[@CIT0018] Indicating PVM localization of GRA proteins does not necessarily make one GRA protein a further favorable vaccine candidate. It has also been proven that DNA vaccine, encoding GRA7, induces specific humoral and cellular immune responses more efficiently than that GRA1, GRA4 and GRA6 DNA vaccines do[@CIT0014]

In recent decades, studies have been carried out to develop a safe and effective vaccine against toxoplasmosis; from inactivated or attenuated to protein vaccines in subunits or multiantigenic cocktails and DNA vaccines.[@CIT0019] However, only one vaccine is available in the market, namely Toxovax, which is exclusively produced for veterinary use. Toxovax is a live-attenuated vaccine with the possibility of reverting to its wild type and hence not appropriate for human use.[@CIT0020] From various strategies of vaccination, DNA vaccines seem further promising as they can elicit specific Th1 immune responses which is crucial in eliminating intracellular organisms.[@CIT0021] In case of inactivated vaccines such as DNA vaccines, it is highly recommended to simultaneously use an appropriate adjuvant to increase the magnitude and duration of induced immune responses unless they might be ineffective. Therefore, CpG-ODN adjuvant, a synthetic oligodeoxynucleotide containing unmethylated CpG motifs, was selected in this study. It elicits native and adaptive immune responses such as other pathogen-associated molecular patterns (PAMPs) by attaching toll-like receptor 9 (TLR-9) and triggering MyD88 signaling pathway that involves up-regulation of nuclear factor-κB (NF-κB). This eventually results in production of various cytokines (especially IL-12 and IL-10) and co-stimulatory ligands such as B7-1 and B7-2.[@CIT0022],[@CIT0023] It is well documented that use of CpG-ODN adjuvant results in Th1-dominated type immunity; therefore, it could be a promising choice in the rational design of efficient vaccines against toxoplasmosis. Furthermore, this adjuvant has been shown to be safe for human use with the benefit of improving immunity even in neonates, elderly people and immunocompromised patients.[@CIT0024] In the current study, immune responses and protections of three eukaryotic expression constructs were assessed against challenge infections of *T. gondii*, RH strain, in a murine model. The challenges were carried out using a dual-promoter vector pVitro2-neo-mcs, including pVitro-SAG1, pVitro-GRA7 and pVitro-SAG1-GRA7 with or without CpG-ODN as adjuvant.

Materials and methods {#S0002}
=====================

Animal {#S0002-S2001}
------

In the current study, 6--8-weeks-old female BALB/c mice weighing 20--25 g were used. The animals were hosted in standard laboratory conditions (light-dark cycle conditions, controlled temperatures of 22°C ±2) with food and water supplies ad libitum. Animal experiments were carried out in accordance with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health of the United States and approved for the use of laboratory animals by the Ethical Committee of the Tehran University of Medical Sciences, Tehran, Iran. Study was approved by the Ethics Committee of Tehran University of Medical Sciences (Approval No. 21648) and efforts were made to minimize animal distress.

Parasites and soluble tachyzoite antigen preparation {#S0002-S2002}
----------------------------------------------------

Antigens have been prepared as described previously.[@CIT0025] Briefly, tachyzoites of *T. gondii* RH strain were collected from peritoneal cavity of the infected mice. Tachyzoites were washed with cold phosphate buffer saline (PBS, pH 7.2) twice and were sonicated and centrifuged at 14,000× g for 1 hr at 4°C. Supernatant was then collected as soluble tachyzoite antigen (STAg) and stored at −70°C until use.

Construction of recombinant plasmids {#S0002-S2003}
------------------------------------

Three eukaryotic expression constructs were produced using a dual-promoter vector pVitro2-neo-mcs (Invivogen, USA) as follows: pVitro-SAG1, pVitro-GRA7 and pVitro-SAG1-GRA7. Full length of SAG1 and GRA7 (molecular weight of approximately 30 and 26 kDa, respectively) were expressed in HeLa cells by the corresponding constructs. HeLa cell line was purchased commercially from the National Cell Bank of Iran (NCBI, Pasteur Institute of Iran). The whole protocol is fully described in a previous study by the authors.[@CIT0026] Briefly, genomic DNA was extracted from tachyzoites using QIAamp DNA Mini Kit (Qiagen, Germany) according to the manufacturer's instructions. Full-length coding region of SAG1 and GRA7 genes were amplified using PCR and specific primers. Amplified fragments were cloned into pTZ57R/T vectors (Thermo Scientific InsTAclone PCR Cloning Kit, USA) according to the manufacturer's instructions. The recombinant construct, pTZ-SAG1, was digested with *Bgl*II and *Nhe*I, whereas pTZ-GRA7 was digested with *BamH*I and *Cla*I to prepare ligands with proper sticky ends. Then, ligations were subcloned into empty pVitro2-neo-mcs vectors, previously digested by corresponding restriction enzymes. Subcloning was confirmed using colony PCR, enzymatic digestion and sequencing. Ability of all three constructs to produce the corresponding antigens in mammalian HeLa cells was verified using Western blot analysis.

BALB/c mice immunization and challenge {#S0002-S2004}
--------------------------------------

In general, 84 BALB/c mice were divided randomly into seven groups of 12 mice. Negative control groups, including Groups I to III, received 100 µL of PBS, 100 µg of empty pVitro2-neo-mcs vector in 100 µL of PBS and 30 µg of CpG-ODN in 100 µL of PBS, respectively. Experimental groups of IV to VII were injected with 100 µg of pVitro-SAG1 plasmid in 100 µL of PBS, 100 µg of pVitro-GRA7 plasmid in 100 µL of PBS, 100 µg of pVitro-SAG1-GRA7 plasmid in 100 µL of PBS and 100 µg of pVitro-SAG1-GRA7 plasmid with 30 µg of CpG-ODN in 100 µL of PBS, respectively. Mice were immunized intramuscularly (IM) thrice on days 1, 21 and 42. Four weeks after the last immunization, nine immunized BALB/c mice from each group were randomly selected and involved in infection experiments. Each mouse was inoculated intraperitoneally (IP) with a single dose of 1×10^3^ tachyzoites of the virulent *T. gondii*, RH strain. Mice were monitored twice daily and the time of death was recorded until all mice were dead. Other mice (three mice per group) were used for removing spleens under sodium pentobarbital anesthesia and further assessments include MTT and cytokine assays.

Assessment of antibodies using enzyme-linked immunosorbent assay (ELISA) {#S0002-S2005}
------------------------------------------------------------------------

Effects of vaccination on humoral response levels were assessed by measuring total antigen-specific IgG, IgG1 and IgG2a using sera collected on days 0, 20, 41 and three weeks after the final immunization (day 62) using ELISA. Briefly, STAg of the *T. gondii* RH strain was diluted to 10 μg/mL with coating buffer (pH 9.6) and divided into Costar 96-well flat-bottom microtiter plates (Thermo Fisher Scientific, USA) using 100 μL per well. After an overnight incubation at 4°C, 100 μL of blocking buffer (PBST containing 2.5% of skim milk) was added to each well to block non-specific binding sites and plates were incubated at 37°C for 1 hr. Then, plates were washed thrice with PBS buffer containing 0.05% of Tween-20 (PBST). Then, 100 µL of diluted mouse sera (1:100 dilution) was added to each well and incubated at 37°C for 1 hr. After washing the plates, 100 µL of 1:750 diluted horseradish peroxidase-conjugated goat anti-mouse IgG, IgG1 or IgG2a (Abcam abID\#97265, 97240, 97245, UK) was added to each well and then plates were incubated at 37°C for 1 hr. After incubation and wash steps, substrate of ortho-phenylenediamine (OPD) (Sigma-Aldrich, USA) was added to the wells. Reactions were stopped using 2M H~2~SO~4~ solution and the optical density (OD) was measured using automated ELISA reader (Model LX800; Biotek, Winooski, USA) at 490 nm. All samples were tested in triplicate.

MTT assay {#S0002-S2006}
---------

Homogenous splenocyte suspensions were prepared based on published methods.[@CIT0027] The MTT assay was carried out according to the manufacturer's instructions. Briefly, splenocytes were cultured in Costar 96-well plates (1×10^5^ cells/well) in RPMI 1640 Media containing 10% of FCS (Gibco, UK) and stimulated with 50 µg/mL of STAg or 5 µg/mL of concanavalin A (Con A) (Sigma, USA) as positive control or media alone as negative control and incubated at 37°C for 72 hrs with 5% CO~2~. Supernatant was discarded and 10 µL of methyl thiazolyl tetrazolium (Sigma, USA) in RPMI 1640 and 10% of FCS media were added to each well and incubated at 37°C for 4 hrs. Then, 100 µL of dimethyl sulfoxide solution (Merck KGaA, Darmstadt, Germany) was added to each well to dissolve the formazan crystals. The absorbance was read at 540 nm using automated ELISA reader (Model LX800; Biotek, Winooski, USA) and the stimulation index (SI) was calculated for each group. All tests were repeated thrice.

Cytokine assay {#S0002-S2007}
--------------

To assess capability of splenic lymphocytes of DNA vaccinated mice to produce cytokines when stimulated by *T. gondii* antigens, splenocytes were plated in Costar 24-well plates (Thermo Fisher Scientific, USA) at the density of 3.5×10^6^ cells/well and stimulated with 50 µg/mL of STAg or 5 µg/mL of Con A (Sigma, USA) as positive control or media alone as negative control. After 72 hrs of incubation at 37°C in presence of 5% CO~2~, supernatants were collected in separate microtubes and centrifuged for 10 mins at 3000× rpm and then concentrations of IFN-γ and IL-10 were measured using commercial kits according to the manufacturer's instructions (Mouse IFN-gamma Platinum ELISA and Mouse IL-10 Platinum ELISA; ebioscience, USA). All tests were repeated thrice.

Statistical analysis {#S0002-S2008}
--------------------

Statistical analysis was performed using SPSS Software v.20 (IBM Corporation, Armonk, NY, USA). The Kaplan-Meier method was used to analyze and compare the survival time between the groups. One-way ANOVA Bonferroni post hoc test was used to compare the mean of each variable (total IgG, IgG1, IgG2a, IL-10 and IFN-γ) in different groups.[@CIT0028] Values of *P*\<0.05 were considered statistically significant.

Results {#S0003}
=======

Results of the eukaryotic recombinant plasmid constructions and expression of their genes in HeLa cells have been reported previously by the authors.[@CIT0026]

Humoral immune responses {#S0003-S2001}
------------------------

As shown in [Figure 1](#F0001){ref-type="fig"}, a significant difference was seen between the IgG levels of all experimental groups compared to control groups 20 days after the first immunization (*P*\<0.05). The IgG levels gradually increased over time in all experimental groups with successive immunization. The IgG levels in mice immunized with multicomponent vaccines of pVitro-SAG1-GRA7 and pVitro-SAG1-GRA7 with CpG-ODN were significantly higher (*P*\<0.05) than those in mice vaccinated with single-gene DNA vaccines of pVitro-SAG1 and pVitro-GRA7; with an exception of pVitro-SAG1 and pVitro-SAG1-GRA7 on Day 62. The levels of total IgG in pVitro-SAG1 group were significantly higher than those in pVitro-GRA7 group (*P*\<0.05), although anti *T. gondii* total IgG antibody values were higher in sera of mice receiving pVitro-SAG1-GRA7 with CpG-ODN vaccine, compared to those in sera of mice vaccinated with pVitro-SAG1-GRA7 alone. However, the difference was not statistically significant (*P*\>0.05). Figure 1Total IgG antibodies in the collected sera of BALB/c mice immunized with PBS, pVitro2neo-mcs, CpG-ODN, pVitro-SAG1, pVitro-GRA7, pVitro-SAG1GRA7 and pVitro-SAG1GRA7 with CpG-ODN on days 0, 20, 41 and 62 using ELISA. Results are expressed as means of OD 490± SD and statistically significant differences (*P*\<0.05) are indicated by an asterisk (\*), compared to control groups.**Abbreviations:** PBS, phosphate buffer saline; ELISA, enzyme-linked immunosorbent assay; OD, optical density; SD, standard deviation.

Serum levels of IgG subtypes (IgG1 and IgG2a) were assessed to reveal if elicited immune responses were predominantly toward Th~1~ or Th~2~ three weeks after the last inoculation. A mild increase was seen in levels of IgG1, which was rarely significant, compared to control groups (data not shown). Levels of IgG2a significantly increased in all experimental groups, compared to control groups (*P*\<0.001). Moreover, levels of IgG2a in mice receiving pVitro-SAG1-GRA7 with CpG-ODN were significantly higher than those in mice receiving pVitro-SAG1-GRA7 alone, indicating the role of CpG-ODN adjuvant in immune response orientation ([Figure 2](#F0002){ref-type="fig"}). The IgG2a/IgG1 variable in pVitro-SAG1-GRA7 group was approximately 2.5 times greater than that in control groups, showing that the vaccine produced Th1-dominant immune responses ([Figure 3](#F0003){ref-type="fig"}). Figure 2Levels of IgG2a subtypes in collected sera of BALB/c mice immunized with PBS, pVitro2neo-mcs, CpG-ODN, pVitro-SAG1, pVitro-GRA7, pVitro-SAG1-GRA7 and pVitro-SAG1-GRA7 with CpG-ODN on days 0, 20, 41 and 62 using ELISA. Results are expressed as means of OD 490± SD and statistically significant differences (*P*\<0.05) are indicated by an asterisk (\*), compared to control groups.**Abbreviations:** ELISA, enzyme-linked immunosorbent assay; OD, optical density; SD, standard deviation.Figure 3The IgG2a/IgG1 ratio in mice sera on Day 62 analyzed using ELISA. Statistically significant differences (*P*\<0.05) are indicated by an asterisk (\*), compared to control groups.**Abbreviation:** ELISA, enzyme-linked immunosorbent assay.

Lymphocyte proliferation assay {#S0003-S2002}
------------------------------

As shown in [Table 1](#T0001){ref-type="table"}, a significant difference was seen between the SI of all experimental groups, compared to control groups (*P*\<0.05). Lymphocytes from pVitro-SAG1-GRA7 and pVitro-SAG1-GRA7 with CpG-ODN groups responded more dramatically than those from control or single-gene groups (*P*\<0.001). Furthermore, difference of SI was statistically significant in mice immunized with pVitro-SAG1-GRA7 with CpG-ODN, compared to that in mice received pVitro-SAG1-GRA7 alone (*P*\<0.001). This indicates the effect of CpG-ODN adjuvant on lymphocyte proliferation. These results also verify that vaccination with pVitro-SAG1-GRA7 can induce cell-mediated immunity. Table 1Stimulation index four weeks post final immunization assessed using ELISA in sera of immunized miceGroupStimulation index ± SDPBS0.86±0.09 (d,e,f,g)pVitro2neo-mcs0.73±0.13 (d,e,f,g)CpG-ODN1.05±0.11 (e,f,g)pVitro-SAG11.36±0.1 (a,b,f,g)pVitro-GRA71.58±0.12 (a,b,c,g)pVitro-SAG1-GRA71.93±0.15 (a,b,c,d,g)pVitro-SAG1-GRA7 with CpG-ODN2.84±0.18 (a,b,c,d,e,f)*P*-value0.001[^1][^2]

To analyze the effects of vaccination on cell-mediated immune responses, levels of cytokine (IFN-γ and IL-10) were assessed in different groups. As shown in [Table 2](#T0002){ref-type="table"}, IFN-γ levels in mice vaccinated with pVitro-SAG1-GRA7 alone and pVitro-SAG1-GRA7 with CpG-ODN were significantly higher, compared to those in mice of control or single-gene groups (*P*\<0.001). Low levels of IL-10 in experimental and control groups indicated no statistical differences between all groups (*P*\>0.05). These results verified that pVitro-SAG1-GRA7 vaccine promoted Th1-type immune response; as analysis of subtypes IgG showed. Table 2Cytokine production in vaccinated mice splenocyte cultures four weeks post final immunization using ELISA (pg/mL)GroupIFN-γ (mean ± SD)IL-10 (mean ± SD)PBS67.75±3.83 (d,e,f,g)37.75±3.03pVitro2neo-mcs80.75±5.76 (d,e,f,g)42.75±2.38CpG-ODN100.75±9.54 (d,e,f,g)39±1.581pVitro-SAG1571.25±24.72 (a,b,c,e,f,g)35.75±2.58pVitro-GRA7315.75±18.15 (a,b,c,d,f,g)42.25±4.91pVitro-SAG1-GRA7802.5±31.66 (a,b,c,d,e,g)39.5±5.4pVitro-SAG1-GRA7 with CpG-ODN973.75±66.91 (a,b,c,d,e,f)41.25±4.81*P*-value0.0010.29[^3][^4]

Survival time analysis against a lethal challenge in BALB/c mice {#S0003-S2003}
----------------------------------------------------------------

In this study, protective efficiency of DNA vaccines against acute toxoplasmosis was assessed by infecting vaccinated mice with 1×10^3^ tachyzoites of the virulent *T. gondii* RH strain four weeks after the last immunization and monitoring their survival time until all mice died. [Figure 4](#F0004){ref-type="fig"} shows the percentage of mice survival in different groups. All mice in control groups, including PBS, Pvitro2neo-mcs and CpG-ODN, died within 5--8 days after confronting lethal challenge. The survival time in experimental groups was significantly (*P*\<0.05) longer than that in control groups. Mice immunized with pVitro-SAG1--GRA7 vaccine alone and pVitro-SAG1-GRA7 with CpG-ODN vaccine, respectively, survived 9--15 days (13.25±1.85) and 11--18 days (15.0±2.29) after lethal challenges which were significantly longer than that mice immunized with pVitro-SAG1 or pVitro-GRA7 groups did, including 8--14 (10.87±2.02) and 8--12 (10.0±1.41) days after lethal challenges, respectively. Furthermore, in pVitro-SAG1-GRA7 with CpG-ODN group, a longer survival time was observed, compared to that in pVitro-SAG1-GRA7 group. This indicates that CpG-ODN adjuvant positively affects the protective efficiency of pVitro-SAG1-GRA7 vaccine. Figure 4Survival curves in control and experimental groups after receiving 1×10^3^ *T. gondii* RH strain tachyzoites four weeks after the last immunization. Each group included nine mice. Survival was monitored daily for 18 days after challenges.

Discussion {#S0004}
==========

Toxoplasmosis is a prevalent, life-threatening infection with adverse economic consequences.[@CIT0019] Up-to-date, no human vaccines have been licensed for toxoplasmosis. DNA vaccination, as an effective immunization method that induces specific cellular and humoral immune responses, seems a promising strategy to prevent toxoplasmosis, especially when designed as a multivalent vaccine.[@CIT0012],[@CIT0019] The capacity to mimic natural antigen processing and presentation in immunized organisms makes DNA vaccine a favorable method to protect humans and animals against intracellular microbial infections such as toxoplasmosis. In general, DNA vaccines are heat stable and relatively easy to produce and cheap.[@CIT0029] In the current study, immunogenicity and protective effectiveness of a newly designed naked DNA vaccine containing full-length SAG1 and GRA7 genes in a dual-promoter plasmid (pVitro2 neo-mcs) were assessed, which can simultaneously produce both antigens as separate proteins in murine models. The pVitro2-neo-mcs plasmid has widely been used in gene therapy. Moreover, it has been used as vector in a few studies on DNA vaccines, including a multi-epitope DNA vaccine containing six antigen segments of *T. gondii*.[@CIT0030]--[@CIT0032] Unlike multivalent cocktail DNA vaccines, the pVitro-SAG1--GRA7 construct ensures the equal delivery of both genes to host cells. Furthermore, the pVitro-SAG1--GRA7 construct, which contains two genes expressed at various stages of the infection, may cause an effective immune response. Furthermore, the construction of this DNA vaccine has provided an opportunity to compare the current dual-expressing DNA vaccine with DNA fusion vaccines producing a single fusion protein.

Increase of specific IgG levels is vital to eliminate toxoplasmosis, especially in the acute phase. The IgG attaches to *T. gondii* tachyzoites and prevents their invasion to host cells. They also cause the parasite to be killed by macrophages through opsonization or lysis following activation of the classic complement.[@CIT0033]--[@CIT0035] Specific IgG titers have constantly been raised in this study over the time and particularly after the third injection. In the present study, pVitro-SAG1-GRA7 mice showed significantly higher IgG titers than that mice in monovalent or control groups did (*P*\<0.05). Furthermore, co-administration of CpG-ODN adjuvant increased the IgG titer. Although this increase was not statistically significant, it exhibited effects of CpG-ODN on B-cell proliferation. In addition to uncontroversial roles of humoral immune responses that eliminate toxoplasmosis, cell-mediated immunity is crucial to eradicate this mandatory intracellular protozoa.[@CIT0036],[@CIT0037] The IFN-γ and IgG2a are characteristics of Th1 orientation. In fact, Th1 cells stimulate naive CD8^+^ T-lymphocytes to transform to cytotoxic lymphocyte (CTL) and promote production of IFN-γ that activates NK cells and macrophages. Moreover, Th1 cells play a key role in overcoming toxoplasmosis.[@CIT0036] In the current study, assessment of specific IgG2a levels revealed that all mice in experimental groups produced high levels of this IgG isotype. The pVitro-SAG1-GRA7 vaccine significantly motivated production of higher IgG2a levels than that pVitro-SAG1, pVitro-GRA7 or control groups did. Injection of CpG-ODN adjuvant with pVitro-SAG1-GRA7 vaccine increased the level of IgG2a more significantly than that injection of pVitro-SAG1-GRA7 alone did. This shows the effects of CpG-ODN adjuvant on B-cells to produce IgG2a isotype and co-stimulate the specific immune responses derived from the vaccine. Levels of IgG1 that indicate Th2 responses have slightly been changed. As previously stated, Th1-type cytokines are necessary for the host resistance to *T. gondii*.[@CIT0038] The IFN-γ, as a major Th1-type cytokine, induces host protection through various mechanisms, including inhibition of *T. gondii* growth, mediation of nitrogen oxide (NO) biochemical pathway and induction of immune-related GTPase (IRG) accumulation on PV that results in vacuole destruction and hence parasite death.[@CIT0039] In the present study, IFN-γ levels increased dramatically in all experimental groups, especially the multivalent groups. However, this increase was further significant when combined with CpG-ODN adjuvant. A similar finding is seen when comparing IFN-γ levels with IgG2a/IgG1 ratio. These data suggest that the dual gene vaccine (pVitro-SAG1-GRA7) elicits Th1 immune responses efficiently, which is important for a vaccine preventing *T. gondii* infections. As a proinflammatory cytokine, production of high IFN-γ levels can result in immunopathological damages. The IL-10 is a regulatory cytokine that eliminates Th1 and Th2 effector responses including IFN-γ production through suppression of macrophage and dendritic cell functions. The cytokine enhances B-lymphocyte proliferation and differentiation and antibody production.[@CIT0040] In the present study, IL-10 did not increase. This might affect IgG production and survival time to some extent. IgG level and survival time could be improved if pVitro-SAG1-GRA7 vaccine could induce IL-10 production. In the current study, lymphocyte proliferation demonstrated further cellular immune responses in immunized mice. The SI data showed that splenic T-lymphocytes proliferated exponentially in all experimental groups and increased their clonal population while stimulated by STAg. Results also showed that splenic lymphocytes in pVitro-SAG1-GRA7 group proliferated more significantly, compared to that they did in monovalent or control groups (*P*\<0.05). A further significant proliferation was observed when CpG-ODN adjuvant was co-administered (*P*\<0.05). In this study, the lethal challenge was used to assess immune efficiency of pVitro-SAG1-GRA7 vaccine against the acute infection. Although all mice in experimental groups could survive significantly longer than that mice in control groups could, all died within 8--15 days. Therefore, the vaccine provided a partial protection against toxoplasmosis. Up-to-date, no DNA vaccines have fully protected hosts against intraperitoneal infection of *T. gondii* RH strain.[@CIT0012],[@CIT0041],[@CIT0042] However, intraperitoneal infection is not the natural entry route for *T. gondii* RH strain. Furthermore, the most prevalent strain in environment that affects host organisms is the avirulent genotype II strain. Considering the lethal challenge conditions, it is necessary to carry out challenges in further natural conditions for further accurate assessment of pVitro-SAG1-GRA7 vaccine efficiency. The survival time in divalent groups was more significant than that in monovalent groups and co-administration of CpG-ODN adjuvant could significantly extend the survival time, compared to pVitro-SAG1-GRA7 group.

Similar to previous studies, the current data show that SAG1 and GRA7 antigens confer significant immune responses leading to higher survival times, compared to control groups.[@CIT0013],[@CIT0017],[@CIT0043] In fact, studies on *T. gondii* DNA vaccines do not follow a unified standard protocol to assess vaccine immunogenicity and efficiency. Various parameters affect results of DNA vaccination, including mice strains, vector types, doses and routes of immunization, numbers of injections, vaccination intervals and parasite doses in lethal challenges. Thus, it is difficult to compare the results of various studies. Comparison of pVitro-SAG1-GRA7 vaccine with SAG1-GRA2 or GRA17-GRA23 fusion vaccine demonstrated nearly similar levels of cellular and humoral responses. Moreover, durations of survival time were nearly similar.[@CIT0044],[@CIT0045] In a study, fusion DNA vaccine encoding ROP16 and GRA7 genes could increase the total IgG, IgG2a and IFN-γ levels more significantly than that the pVitro-SAG1-GRA7 vaccine did. Survival time was nearly similar to that of pVitro-SAG1-GRA7 vaccine.[@CIT0043] The divalent pVitro-SAG1-GRA7 vaccine has been shown to more effectively induce immune responses, compared to that monovalent vaccines do. This finding is similar to those reported by nearly all studies on multivalent vaccines.[@CIT0011],[@CIT0012] There is almost a general consensus that multivalent DNA vaccines, including cocktail or fusion DNA vaccines, provide a further effective immune protection against *T. gondii* than that monovalent DNA vaccines do, regardless of their type. For example, a fusion DNA vaccine, encoding *T. gondii* SAG1 and GRA2, produced stronger humoral and Th1-type immune responses and considerably longer survival time, compared to that separate SAG1 or GRA2 DNA vaccine did.[@CIT0044] Immune protection has significantly been improved in BALB/c mice immunized with SAG1 or MIC3 cocktail DNA vaccine compared to that in mice immunized with SAG1 plus MIC3 DNA vaccine.[@CIT0046] In another study, ROP16-GRA7 fusion DNA vaccine resulted in higher specific IgG antibodies, higher percentage of CD8^+^ T-lymphocyte subpopulation and much longer survival time compared to that the monovalent DNA vaccine alone did.[@CIT0037] Therefore, it is concluded that a DNA vaccine encoding antigens from various stages of infection is further powerful. Two reasons of limited quantity of foreign DNA acceptance by eukaryotic cells and inevitable competition in host gene expression system to express foreign genes from various plasmids make pVitro-SAG1-GRA7 vaccine superior to cocktail DNA vaccines. Furthermore, it is further complicated to construct fusion DNA vaccines with possible conformational changes at linking sites.

The CpG-ODN adjuvant generates Th1-dominated type, CD8^+^ T-lymphocyte and CTL immune responses which are necessary for the protective immunity against toxoplasmosis.[@CIT0047],[@CIT0048] Results of the present study have shown that addition of CpG-ODN adjuvant significantly improves the efficiency of pVitro-SAG1-GRA7 vaccines; similarly to results from previous studies.[@CIT0049],[@CIT0050] However, results from a study showed that use of this adjuvant with DNA vaccines against toxoplasmosis could induce impaired immune responses.[@CIT0032] The CpG-ODN adjuvant effects may increase by investigating optimized inoculation timing. It is shown that optimal antigen presentation occurs two or three days after intramuscular DNA vaccination. This is possibly the best time for CpG-ODN adjuvant administration since major histocompatibility complex (MHC) restricted antigen presentation occurs with activation of dendritic cells (DCs), secretion of various cytokines and upregulation of costimulatory molecules.[@CIT0049],[@CIT0051] This may explain the reason for high elevation of IgG levels when CpG-ODN adjuvant is co-inoculated with antigen-base vaccines (3--10^4^ folds), rather than DNA-base vaccines.[@CIT0052] In brief, the current data have demonstrated that the multivalent pVitro-SAG1-GRA7 DNA vaccine, encoding full lengths of *T. gondii* SAG1 and GRA7, induces strong specific humoral and cellular immune responses and is a novel multivalent DNA vaccine candidate against toxoplasmosis. Furthermore, results have shown that this vaccine is more efficient in immune response and protective efficiency than that the single-gene vaccine is. However, no effective vaccines provide a complete protection against the lethal challenge of *T. gondii* RH strain tachyzoites; DNA vaccination is still considered as a good strategy for *T. gondii* control. It is also concluded that CpG-ODN adjuvant addition increases pVitro-SAG1-GRA7 DNA vaccine immunogenicity and immune protection. In conclusion, data from the current study suggest that the multivalent pVitro-SAG1-GRA7 DNA vaccine with CpG-ODN adjuvant is a promising vaccine candidate against toxoplasmosis.
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[^1]: **Notes:** Significant differences (*P*\<0.05) in PBS group (a), pVitro2neo-mcs group (b), CpG-ODN group (c), pVitro-SAG1 group (d), pVitro-GRA7 group (e), pVitro-SAG1-GRA7 group (f) and pVitro-SAG1-GRA7 with CpG-ODN group (g).

[^2]: **Abbreviations:** PBS, phosphate-buffered saline; SD, standard deviation; IgG, immunoglobulin G; ELISA, enzyme-linked immunosorbent assay.

[^3]: **Notes:** Significant differences (*P*\<0.05) in PBS group (a), pVitro2neo-mcs group (b), CpG-ODN group (c), pVitro-SAG1 group (d), pVitro-GRA7 group (e), pVitro-SAG1-GRA7 group (f) and pVitro-SAG1-GRA7 with CpG-ODN group (g).

[^4]: **Abbreviations:** PBS, phosphate buffered saline; SD, standard deviation; IFN-γ, gamma interferon; IL-10, interleukin-10; ELISA, enzyme-linked immunosorbent assay.
